The maintenance of intracellular alkali-metal-cation homeostasis is a fundamental property of all living organisms, including the yeast Saccharomyces cerevisiae. Several transport systems are indispensable to ensure proper alkali-metal-cation levels in the yeast cytoplasm and organelles. Ist2 is an endoplasmic reticulum (ER)-resident protein involved, together with other tethering proteins, in the formation of contacts between the plasma and ER membranes. As IST2 gene deletion was shown to influence yeast growth in the presence of sodium, we focused on the roles of Ist2 in the cell response to the presence of various concentrations of alkali metal cations, and its interactions with characterised plasma membrane alkali-metal-cation transporters. Most importantly, we show that, in BY4741 background, the lack of Ist2 results in the accumulation of higher amounts of sodium when the cells are exposed to the presence of this cation, demonstrating the importance of Ist2 for the maintenance of low intracellular levels of toxic sodium. As the function and localisation of alkali-metal-cation exporters is not affected in ist2 cells, IST2 deletion results in an increased non-specific uptake of sodium to cells. Moreover, the deletion of IST2 influences relative cell membrane potential, pH in and the growth of cells in the presence of a limiting K + concentration.
INTRODUCTION
Like all other organisms, the model yeast Saccharomyces cerevisiae tightly regulates its intracellular ion homeostasis. A proper amount of the main intracellular cation, potassium (0.2-0.3 M, depending on the studied strain and growth medium), is essential for many physiological functions, such as compensating the negative charges of many macromolecules, maintaining stable plasma membrane potential and regulating intracellular pH (pH in ) or cell volume (reviewed in Arino, Ramos and Sychrova 2010) . Nevertheless, potassium is usually scarce in natural environments, in contrast to abundant and toxic sodium. Na + ions can enter the cells via several non-specific low-affinity transporters, and as a consequence, an equivalent amount of another cation, potassium, must leave the cells (Arino, Ramos and Sychrova 2010) . This results in higher intracellular Na + /K + ratios and cell growth inhibition (Gomez, Luyten and Ramos 1996) . Thus, yeast cells need to accumulate sufficient amounts of K + ions, and in the presence of high extracellular sodium concentrations, they must spend energy to prevent the accumulation of Na + ions in the cytosol by exporting them from cells or sequestering into the vacuole. To maintain the optimal intracellular concentrations of alkali metal cations, S. cerevisiae possesses a range of transporters functioning either in the plasma membrane or in the membranes of intracellular organelles. Potassium ions are actively imported to S. cerevisiae cells via Trk1 and Trk2 high-affinity transporters (Gaber, Styles and Fink 1988; Ko and Gaber 1991; Michel et al. 2006) . Their activity enables the cells to grow even in low-micromolar extracellular K + concentrations, and the lack of these systems results in the growth restriction of cells in environments with low potassium levels (Bertl et al. 2003; Navarrete et al. 2010) . Three transport systems are known to be able to export K + from cells. The Tok1 K + -specific voltage-gated channel is activated by plasmamembrane depolarisation (Bertl, Slayman and Gradmann 1993; Ketchum et al. 1995) . Ena P-type ATPases and the Na + ,K + /H + antiporter Nha1 export K + in addition to Na + , and are therefore involved in the halotolerance of S. cerevisiae cells (Haro, Garciadeblas and Rodriguez-Navarro 1991; Prior et al. 1996; Banuelos et al. 1998) . The genome of S. cerevisiae usually contains several copies of highly similar ENA genes (Garciadeblas et al. 1993; Wieland et al. 1995) . The expression of the ENA1 gene was found to be strongly increased in the presence of high sodium (or lithium) concentrations and in environments with alkaline pH levels (Ruiz and Arino 2007) . Ena ATPases represent the major system for sodium extrusion in S. cerevisiae. The function of the Nha1 antiporter is driven by the energy of the electrochemical gradient of protons generated by the Pma1 plasma membrane H + -ATPase, and therefore contributes to the efflux of alkali metal cations mainly in environments with acidic pH levels and fulfils a housekeeping role (Banuelos et al. 1998) . Alkali-metal-cation concentrations also vary among the cytosol and individual organelles (Herrera et al. 2013; Gelis et al. 2015) . Several different alkali-metal-cation transporters have been reported to transport ions across organellar membranes so far (Arino, Ramos and Sychrova 2010) . Together, these transporters ensure the unique ion composition of intracellular organelles and the maintenance of proper organellar pH and volume. Ist2 is a polytopic membrane protein that was found to be localised in the membranes of cortical endoplasmic reticulum (ER; Fischer et al. 2009; Manford et al. 2012) , although some previous evidence for its plasma-membrane localisation existed (Juschke et al. 2004) . Ist2 is the only S. cerevisiae member of the anoctamin (TMEM16) family of proteins, whose mammalian members are involved in a variety of functions, including ion transport and phospholipid scrambling (reviewed in Pedemonte and Galietta 2014) . The best-characterised mammalian anoctamins ANO1 and ANO2 function as plasma membrane Ca 2+ -activated Cl − channels, while other members of this family of proteins, such as ANO6, may work as phospholipid scramblases and/or ion channels. A fungal homologue of anoctamins, Aspergillus fumigatus TMEM16, possesses both ion channel and scramblase activities; nevertheless, scrambling activity was not detected in S. cerevisiae Ist2, and whether this protein possesses an ion channel activity is not clear (Malvezzi et al. 2013; Wolf, Meese and Seedorf 2014) . Together with the S. cerevisiae VAP (vesicle-associated membrane protein-associated protein) orthologues Scs2 and Scs22 and the tricalbin proteins (Tcb1, Tcb2 and Tcb3), Ist2 is one of the tethering proteins involved in the formation of contacts between the plasma and ER membranes, and deletion of the IST2 gene results in an increased distance between the ER and plasma membrane (Manford et al. 2012; Wolf et al. 2012; Kralt et al. 2015) . The loss of all tethering proteins causes a redistribution of cortical ER into internal structures, elevated levels of phosphatidylinositol-4-phosphate in the plasma membrane and the induction of an unfolded protein response in cells (Manford et al. 2012) . IST2 mRNA is localised to the bud tip by an actomyosin-based process, and the transport of IST2 mRNA is a prerequisite for Ist2 production in daughter cells (Takizawa et al. 2000; Juschke et al. 2004) . Deletion of the IST2 gene is known to affect the activity or localisation of some plasmamembrane transporters. Although the function of plasmamembrane H + -ATPase Pma1 is generally intact in cells lacking Ist2, its glucose-induced activation is slower in ist2 cells (Wolf et al. 2012) . Nevertheless, the mechanism via which Ist2 modulates Pma1 activity is not clear. Moreover, IST2 deletion results in defects in the trafficking of the newly synthesised leucine transporter Bap2 from the ER to the plasma membrane, which results in inefficient leucine uptake in ist2 cells during the transition from fermentation to respiration (Wolf, Meese and Seedorf 2014) . Originally, in a systematic screen of yeast gene deletion mutants, deletion of the IST2 gene was found to increase the sodium tolerance of S. cerevisiae CEN.PK2 cells (Entian et al. 1999) . This phenotype of ist2 cells also gave the name to the Ist2 protein (Increased sodium tolerance). The importance of the Ist2 protein in the cell response to the presence of NaCl can be further supported by the salt sensitivity of cells lacking Ist2 together with either the Btn1 (required for ATP-driven transport of arginine into the vacuole, homologue of human CLN3 protein involved in Batten disease) or the Btn2 protein (involved in the retrieval of proteins from late endosomes to the Golgi apparatus and is upregulated in btn1 cells), and ER/Golgi apparatus Ca 2+ -ATPase Pmr1 at acidic pH levels (Kim, RamirezMontealegre and Pearce 2003; Kim et al. 2005; Kama, Robinson and Gerst 2007; Wolf et al. 2012) . Nevertheless, the role of the Ist2 protein in the maintenance of cell alkali-metal-cation homeostasis has never been studied. In this work, we focused on the impact of IST2 deletion on cell performance in the presence of salts and the interactions of Ist2 with characterised plasmamembrane alkali-metal-cation transporters. The physiological roles of Ist2 were studied in the widely used laboratory strain BY4741 and several BY4741-derived strains lacking the genes encoding characterised plasma-membrane alkali-metal-cation transporters.
MATERIALS AND METHODS

Yeast strains, media and growth conditions
The Saccharomyces cerevisiae strains used in this study are listed in Table 1 . BY4741-derived strains lacking the IST2 gene were prepared using homologous recombination and the Cre-loxP system (Guldener et al. 1996) with disruption cassettes generated using IST2-kanF and IST2-kanR oligonucleotides (Table S1 , Supporting Information). Proper incorporation and subsequent excision of the disruption cassette were confirmed by PCR with the genomic DNA and diagnostic oligonucleotides IST2-UF, IST2-DR, kanX-F1 and kanX-R1 (Table S1) (Gietz and Sugino 1988) was used to complement the leu2 deletion and pHl-U (pVT100U plasmid containing the pHluorin coding sequence, Maresova et al. 2010 ) was used to estimate the pH in of cells.
Growth tests
The growth of yeast strains on solid media in the presence of various salt or sorbitol concentrations was monitored in drop test experiments. Ten-fold serial dilutions of fresh cell suspensions (OD 600 = 2) were spotted on YPD, YNB, YNB-F or YNB-Ca plates supplemented as indicated and growth was recorded over 2-5 days. For growth-curve measurements, cells were inoculated to OD 600 0.02 in 100 μL aliquots of media in a 96-well microplate and cell growth was monitored in an ELx808 Absorbance Microplate Reader (BioTek) as described previously (Maresova and Sychrova 2007) . Eight technical replicates were measured for each strain and condition within individual experiments. Specific growth rates were determined as slopes of the ln(OD) versus time curves.
Growth tests were repeated three times with similar results.
Cation content and cation loss determination
To determine sodium or potassium contents or to measure sodium loss, cells were either grown in YPD or YNB + 0.1 M KCl supplemented with various NaCl concentrations to OD 600 0.5-0.7 or grown in YPD to OD 600 ≈ 0.5 and incubated in the presence of 0.1 M NaCl or 0.5 M NaCl for 60 min as indicated in the text. Cells were collected by centrifugation, washed with deionised water and resuspended in an incubation buffer containing 10 mM Tris and 0.1 mM MgCl 2 , pH brought to 4.4 with citric acid and adjusted to 4.5 with Ca(OH) 2 . For sodium loss measurements, the incubation buffer was supplemented with 2% glucose and 10 mM KCl to prevent Na + reuptake. When determining the cation content of cells, three aliquots of cells were withdrawn immediately. For Na + loss measurements, aliquots of cells were withdrawn over a period of 15 min. The cells in aliquots were harvested by filtration, washed with 20 mM MgCl 2 , acid extracted and the cation content was determined using atomic absorption spectrometry (Kinclova et al. 2001) . Experiments were repeated at least three times and a mean result is shown.
Fluorescence microscopy
Cells producing Ena1 or Nha1 proteins tagged C-terminally with the GFP sequence were viewed with an Olympus AX70 microscope using a U-MWB fluorescent cube (450-480 nm excitation filter, 515 nm barrier filter) or under Nomarski contrast.
Relative membrane potential measurement
The relative membrane potential was estimated by fluorescence assay based on the redistribution of the fluorescent dye 3,3 -dipropylthiacarbocyanine iodide (diS-C3(3); 0.1 mM stock solution in ethanol) in yeast cells as described earlier (Gaskova et al. 1998 (Gaskova et al. , 1999 Herrera et al. 2014) . Cells grown in YPD (or YPD + 0.1 M KCl for strains lacking the TRK1 and TRK2 genes) medium to OD 600 ≈ 0.5 were washed and resuspended in an assay buffer (10 mM MES, pH 6.0 adjusted with triethanolamine) to OD 600 0.2. The probe was added to the cells to a final concentration of 0.02 μM. Fluorescence emission spectra were measured every 3-5 min over 45 min in an ISS PC1 spectrofluorimeter equipped with a xenon lamp. The excitation wavelength was 531 nm, emission range 560-590 nm, duration of one spectral scan 20 s. Scattered light was eliminated by an emission filter with a cut-off wavelength at 540 nm. Samples were kept at room temperature and occasionally gently stirred. The staining curves recorded the dependence of the fluorescence emission maximum wavelength λ max on the time of staining (Gaskova et al. 1998; Herrera et al. 2014) . To estimate changes in the relative membrane potential of cells upon NaCl addition, cells were grown in YNB medium supplemented with 0.1 M KCl to OD 600 ≈ 0.5.They were washed, resuspended in the assay buffer and their relative membrane potential was measured as described above. NaCl was added to the cell suspensions to a final concentration of 0.5 M in 18 min of the experiment; the same volume of H 2 O was added to cells not treated with NaCl. A mean of two or three independent experiments with similar results is shown as indicated in the text.
pH in measurement
The pH in of strains was estimated using pHluorin, a pH-sensitive ratiometric GFP variant (Miesenbock, De Angelis and Rothman 1998) . Cells transformed with pHl-U plasmid were grown in YNB-F pH media supplemented with 0.1 M KCl and NaCl as indicated to OD 600 ≈ 0.5. The fluorescence intensity ratios of growing cells were measured using a SynergyHT microplate reader (BioTek, USA) with a 516/20 nm emission filter and 400/30 and 485/20 nm excitation filters in eight wells for each strain and condition within one experiment, and a mean value was calculated (Papouskova, Jiang and Sychrova 2015) . To eliminate the background fluorescence, wild-type cells transformed with an empty vector (pVT100U) were grown in parallel and the corresponding background fluorescence values were subtracted from the fluorescence at each excitation wavelength. The ratio of emission intensity I400 nm/I485 nm was used to calculate the pH in according to the calibration curve generated as described previously (Orij et al. 2009; Duskova et al. 2015) . The experiments were repeated at least three times and a mean value is presented.
Statistical analysis
Statistically significant differences were analysed by an unpaired Student t-test using MS Office Excel ( * P < 0.05, * * P < 0.01).
RESULTS
IST2 deletion influences the growth of cells in the presence of salts
The deletion of the IST2 gene increases the sodium tolerance of Saccharomyces cerevisiae CEN.PK2 cells (Entian et al. 1999) . To study the effects of IST2 deletion on salt tolerance in BY4741 cells and BY4741-derived strains lacking characterised plasmamembrane alkali-metal-cation transporters, we prepared a series of ist2 cells lacking the IST2 gene alone or in combination with genes encoding alkali-metal-cation exporters or importers (Table 1) .
In agreement with previously reported results for CEN.PK2 cells, deletion of the IST2 gene slightly improved the growth of BY4741 cells in liquid YPD media in the presence of NaCl as the specific growth rates of Ist2 lacking cells were increased when compared to the growth rates of wild-type cells (Fig. 1A, Fig. S1 , Supporting Information). Nevertheless, this very small positive effect of the presence of sodium on the growth of ist2 cells was only observable in the range of NaCl concentrations between 0.5 and 0.8 M. When the concentration of sodium was higher (above 1.15 M), cells lacking the IST2 gene grew worse than wild-type cells (Fig. 1A, Fig. S1 ) and the presence of 1.2 M NaCl already strongly inhibited the growth of ist2 cells (Fig. S1) . Thus, the slight growth improvements of ist2 cells were only visible when moderate NaCl concentrations were used. Using drop test experiments performed on a series of YPD plates differing in salt concentrations, we confirmed that the lack of Ist2 improved the growth of BY4741 cells in the presence of sodium, although this effect was only very slight (Fig. 1B) . IST2 deletion did not seem to significantly affect the growth of BY4741 in the presence of high K + levels, but improved the growth of cells in the presence of highly toxic lithium cations. As shown in Fig. 1B , the growth improvements of ist2 cells in the presence of sodium and lithium were not dependent on the function of the Tok1 potassium channel, as IST2 deletion influenced the growth of tok1 cells similarly to that of the wild type. In contrast, when the IST2 gene was deleted in the salt-sensitive ena1-5 nha1 cells lacking alkali-metal-cation exporters (Ena1-5 ATPases and Nha1 antiporter), we observed a slight worsening of cell growth in the presence of toxic cations (Na + and Li + ). Therefore, the growth improvements of cells lacking Ist2 in the presence of NaCl and LiCl seemed to be dependent on the function of alkali-metal-cation exporters in cells. The growth of ist2 strains did not seem to be affected by the addition of a high sorbitol or K + concentration in the medium (Fig. 1B) , which suggested that the observed growth improvements of cells lacking Ist2 in the presence of Na + or Li + are connected to the presence of these cations, and not solely to changes in the osmotic pressure of the media.
To study the interaction of the Ist2 protein with high-affinity K + importers Trk1 and Trk2, we also tested the effect of IST2 deletion on the growth of trk1 trk2 cells in K + -free YNB-F media supplemented with various concentrations of NaCl, KCl and LiCl. In this case, we again observed a very slight growth improvement in trk1 trk2 ist2 cells in the presence of a high sodium concentration compared to cells possessing Ist2 (Fig. 1C , compare the size of the colonies in the last drops of cell suspensions).
IST2 deletion alters Na + /K + ratio in cells
To elucidate if the growth improvements of ist2 cells in the presence of sodium are connected to changes in intracellular Na + accumulation, we grew the cells in liquid media in the presence of various NaCl concentrations and determined their sodium and potassium contents. All the studied strains accumulated significant amounts of Na + when grown in the presence of NaCl (Fig. 2) . Surprisingly, although ist2 cells grew slightly better than wild-type cells in the presence of the tested amounts of NaCl (Fig. 1A) , we detected an increased sodium accumulation and a higher Na + /K + ratio in the ist2 strain than in cells possessing a functional Ist2 protein when the cells were grown in the presence of 0.8 M NaCl ( Fig. 2A) . Similar results were also obtained in cells lacking either the Tok1 K + channel ( Fig. 2A ) or Trk1 and Trk2 K + importers in the presence of 0.5 M NaCl (Fig. 2B) . Cation content measurements revealed the Ist2 protein to be important in maintaining proper alkali-metal-cation homeostasis in S. cerevisiae cells, and taken together they suggest that either the export of sodium is affected or the uptake of Na + cations is increased by IST2 deletion in cells. Nevertheless, these results also contradict the slightly better growth of ist2 cells in the presence of Na + .
Alkali-metal-cation exporters are properly localised and functional in cells lacking Ist2
To determine whether the increased sodium accumulation in ist2 cells grown in the presence of NaCl is connected to a decreased export of Na + ions, we studied the function and localisation of Ena1 and Nha1 alkali-metal-cation exporters in cells lacking the IST2 gene. For this purpose, we transformed both ena1-5 nha1 and ena1-5 nha1 ist2 strains lacking the Ena1-5 and Nha1 alkali-metal-cation exporters with pGRU1-based plasmids containing either the ENA1 (pENA1-GFP) or NHA1 (pNHA1-985GFP) gene fused to the GFP-coding sequence, and studied both the localisation and function of Ena1 and Nha1 in the obtained transformants. Both alkali-metal-cation exporters Ena1 and Nha1 seemed to be properly localised to the plasma membrane of ena1-5 nha1 ist2 cells (Fig. 3A) . Cells lacking genes encoding alkalimetal-cation exporters (e.g. BYT45) are very salt sensitive due to their inability to transport surplus alkali metal cations from cells (Banuelos et al. 1998; Navarrete et al. 2010 , Fig. 1 ). In agreement with the results obtained with non-transformed strains shown in Fig. 1B, ena1 -5 nha1 ist2 cells transformed with the empty pGRU1 plasmid tolerated lower concentrations of NaCl in media than cells possessing the Ist2 protein (Fig. 3B) . Nevertheless, the presence of either Ena1 or Nha1 alkali-metal-cation exporters increased the salt tolerance of cells to the same level irrespective of the presence or absence of Ist2 (Fig. 3B) .
To further compare the ability to extrude sodium in cells lacking or possessing Ist2 protein, we measured the Na + efflux from BY4741 and derived ist2 cells. For this experiment, cells were grown in YPD and preloaded with 0.5 M NaCl for 60 min. Although Ena1 production is already induced by the presence of NaCl, this exporter is not yet fully active after 60 min of cell incubation in the presence of 0.5 M NaCl (Marques et al. 2015) . Therefore, the activity of the Nha1 antiporter was mainly responsible for sodium efflux from cells during sodium preloading. As Fig. 3C shows, ist2 cells contained a greater amount of intracellular sodium than BY4741 at the beginning of the efflux experiment, which might suggest that the function of the Nha1 antiporter is affected in ist2 cells. Nevertheless, the rate of Na + efflux did not seem to be affected by IST2 deletion (Fig. 3C) . The sodium content of both BY4741 and ist2 cells growing in the presence of 0.5 M NaCl was ∼20% lower than the Na + content of cells incubated in the presence of 0.5 M NaCl for 60 min (compare Fig. 2 and Fig. 3C ). This decrease in Na + content in cells grown in the presence of NaCl was probably a consequence of a higher Ena1 production and its sodium export activity. Taken together, our results suggested that both the localisation and function of alkali-metal-cation exporters were not affected in ist2 cells.
IST2 deletion results in an increased influx of sodium cations to cells
To examine whether the non-specific influx of sodium might be increased in ist2 cells, we measured Na + content in cells lacking alkali-metal-cation exporters either possessing or lacking the Ist2 protein upon their incubation in the presence of 0.1 M NaCl for 60 min. Indeed, ena1-5 nha1 ist2 cells contained a significantly larger amount of Na + than Ist2-possessing cells (Table 2) . Within the 60-min incubation of cells in the presence of NaCl, cells lacking Ist2 protein accumulated 81.04 ± 2.35 nmol Na + (mg dry wt) −1 , which was significantly (n = 3, P < 0.05) more than the amount accumulated by cells possessing Ist2 protein (65.87 ± 2.73 nmol Na + (mg dry wt) −1 ).
In full agreement with the non-specificity of sodium uptake in yeast, we showed that the presence of KCl improved the growth of both salt-sensitive ena1-5 nha1 and ena1-5 nha1 ist2 strains in NaCl-supplemented medium (Fig. S2, Supporting Information) . Nevertheless, ena1-5 nha1 cells grew slightly better than ena1-5 nha1 ist2 cells (accumulating more sodium) irrespective of the presence or absence of KCl in media containing Na + . We also tested the effect of the presence of 20 mM magnesium and calcium ions on the sodium tolerance of both ena1-5 nha1 and ena1-5 nha1 ist2 cells. Both Mg 2+ and Ca 2+ cations effectively block ion fluxes through the non-specific cation channel, NSC1, one of the systems taking part in the non-specific cation uptake in S. cerevisiae cells Bertl 1998, 2002; Roberts et al. 1999) . Nevertheless, under our conditions, NSC1 did not seem to be the main system responsible for sodium uptake by cells as we did not see any effect on the growth of cells resulting from the addition of Mg 2+ to sodium-containing media and only a slight growth improvement of both ena1-5 nha1 and ena1-5 nha1 ist2 strains in the presence of NaCl upon calcium addition (Fig. S2) . A larger non-specific cation uptake is caused by the plasmamembrane hyperpolarisation of cells (Madrid et al. 1998 ). To determine whether the membrane potential is affected in ist2 cells, we estimated the relative membrane potential in pairs of strains differing in the presence or absence of the Ist2 protein (Fig. 4A ). In agreement with previously reported results, we observed relative plasma-membrane depolarisation in cells lacking either the Tok1 K + channel or the Ena1-5 and Nha1
alkali-metal-cation exporters, and the relative hyperpolarisation of cells lacking the K + importers Trk1 and Trk2 (Maresova et al. 2006; Navarrete et al. 2010) compared to wild-type cells. IST2 deletion only resulted in a significant change in relative membrane potential in cells lacking the Tok1 channel; tok1 ist2 cells were even more depolarised than tok1 cells. Thus, IST2 deletion did not result in an increase in cell relative plasmamembrane potential and membrane potential change does not seem to be the cause of an increased sodium uptake in ist2 cells.
To monitor relative membrane potential changes upon the addition of NaCl to IST2 lacking cells, we chose the trk1 trk2 ist2 strain, whose intracellular amount of sodium was the highest among the tested strains (more than 40% of the total determined alkali-metal-cation content) when the cells were grown in the presence of 0.5 M NaCl (Fig. 2B) . As Fig. 4B shows, the addition of NaCl to the cell suspensions resulted in a relative depolarisation in trk1 trk2 ist2 cells, in contrast to trk1 trk2 cells, in which NaCl did not cause a significant change in relative membrane potential. The observed decrease in the relative membrane potential of trk1 trk2 ist2 cells upon NaCl addition may result from an increased sodium influx into these cells.
Deletion of the IST2 gene does not increase sodium tolerance of trk1 trk2 cells
IST2 deletion was shown to result in a growth defect of cells during the transition from fermentation to respiration, which seems to be connected to an inefficient leucine uptake in ist2 cells due to defects in trafficking the newly synthesised leucine transporter Bap2 from the ER to the plasma membrane. This phenotype of ist2 cells was observed in YNB medium supplemented with a complex mixture of auxotrophic supplements (Wolf, Meese and Seedorf 2014) .
Our growth tests of Ist2-lacking cells in YNB medium supplemented with the BSM complex mixture of auxotrophic supplements found a considerable growth worsening of trk1 trk2 ist2 cells in the medium not supplemented with high salt concentrations ( Fig. 5A and B) , which was not observed in the medium supplemented solely with the auxotrophic supplements needed by the strain (Fig. 1C) .
Taking into consideration the possible impact of IST2 deletion on leucine uptake, we hypothesised that the growth worsening observed in trk1 trk2 ist2 cells in BSM-supplemented media in the absence of higher salt concentrations might be connected to a defect in leucine uptake from the medium. It is worth noting here that although BSM contains a bigger amount of leucine (60 μg mL −1 ) than the amount which was used for plates supplemented only with the auxotrophic supplements needed by the strain (20 μg mL −1 ), other amino acids present in BSM most probably competitively inhibit leucine uptake that was shown to be altered in ist2 cells (Wolf, Meese and Seedorf 2014) . This inhibition of leucine uptake might result in the observed growth defect of leucine-auxotrophic trk1 trk2 ist2 cells in medium supplemented with BSM. To verify this, we transformed both the trk1 trk2 and trk1 trk2 ist2 strains with the YEplac181 plasmid, which harbours the LEU2 marker gene, and studied the growth of the obtained cells in the presence of BSM without leucine and in the presence of various NaCl concentrations. As Fig. 5B shows, both the Leu + and Leu − trk1 trk2 cells grew the same in the absence or presence of sodium. The trk1 trk2 ist2 strain transformed with YEplac181 (i.e. a Leu + strain) grew similarly to trk1 trk2 cells under all studied conditions. Therefore, the growth restriction of trk1 trk2 ist2 cells in media supplemented with BSM in the absence of higher salt concentrations could be fully overcome by the introduction of the LEU2 gene to cells. Very interestingly, when salts were added to the BSMsupplemented medium, trk1 trk2 ist2 cells grew more similarly to cells with functional Ist2 under the same conditions ( Fig. 5A and B) . A similar growth of trk1 trk2 and trk1 trk2 ist2 cells in media supplemented with BSM and high NaCl concentrations might suggest that trk1 trk2 ist2 cells were relatively less inhibited by the presence of NaCl than the trk1 trk2 strain (the presence of 0.5 M NaCl reduced the growth rate by 40% in trk1 trk2 cells while the growth rate of trk1 trk2 ist2 cells was reduced only by 27% under the same conditions). Nevertheless, the degree of cell growth inhibition by the presence of NaCl observed in trk1 trk2 ist2 cells transformed with YEplac181 and grown in the absence of leucine was no different from that observed for trk1 trk2 cells containing the same plasmid (Fig. 5B) .
When the cells transformed with YEplac181 (Leu + ) were grown on YNB-F plates supplemented only with histidine, methionine and uracil, trk1 trk2 ist2 cells did not grow better than trk1 trk2 cells in the presence of NaCl, in contrast to our results obtained with cells auxotrophic for leucine grown in media supplemented with this amino acid (compare Fig. 1C and Fig. 5C ). These results clearly showed that deletion of the IST2 gene in fact did not increase the sodium tolerance of trk1 trk2 cells. Taken together, our results suggest that the slightly improved growth of IST2-lacking cells in the presence of moderate NaCl concentrations is not due to their increased sodium tolerance. This phenotype is only observable in leu − cells grown in the presence of leucine and is lost if the cells are able to synthesise leucine and grown in the absence of this amino acid.
IST2 deletion influences the growth of cells when K + is scarce
To study the interaction of the Ist2 protein with Trk1 and Trk2 high-affinity K + importers, we tested the effect of IST2 deletion on the growth of cells under conditions when potassium is scarce in the environment. The growth of strains either lacking or possessing the Ist2 protein was tested in K + -free YNB-F medium (containing only 0.015 mM KCl) without added or supplemented with the indicated amounts of potassium. As Fig. 6 shows, the lack of Ist2 resulted in slight growth improvements in BY4741 and ena1-5 nha1 cells under conditions of potassium limitation. These growth improvements were dependent on the presence of Trk1 and Trk2 high-affinity K + importers, as we could not see any growth improvement in trk1 trk2 ist2 cells on plates supplemented with low amounts of K + (Fig. 6) .
Nevertheless, the slight growth improvement of ist2 cells under conditions of K + limitation was not observed in cells transformed with the YEplac181 plasmid able to synthesise leucine and grown in its absence (Fig. 6) . Therefore, this phenotype of ist2 cells was also connected to leu − cells grown in the presence of leucine. Interestingly, deletion of the IST2 gene resulted in a worse growth of cells lacking the Tok1 K + channel in the presence of a limited potassium concentration (0.015 mM, Fig. 6 ). The relative plasma-membrane depolarisation (Fig. 4A ) and thus lower K + influx in tok1 ist2 cells might be the cause of their observed worse growth in the environment in which potassium is scarce.
IST2 deletion influences pH in of cells
The glucose-mediated activation of the Pma1 plasmamembrane H + -ATPase was shown to be affected by IST2 deletion (Wolf et al. 2012) , resulting in a significantly slower alkalinisation of the cytosol upon glucose addition in ist2 cells. To further investigate the impact of the lack of Ist2 protein on intracellular pH, we monitored pH in in BY4741, trk1 trk2 (which has a decreased pH in level and lower Pma1 activity than wild-type cells; Navarrete et al. 2010; Zimmermannova et al. 2015) and corresponding Ist2-lacking strains growing either in the absence or in the presence of 0.5 M NaCl. In agreement with previously reported results (Wolf, Meese and Seedorf 2014) , IST2 deletion did not significantly change the pH in level of BY4741 cells grown in the absence of salts (Fig. 7) . Quite interestingly, the pH in of trk1 trk2 ist2 cells was increased to almost the wild-type level when compared to the decreased pH in of trk1 trk2 cells, which further supported the view of Ist2 as a modulator of Pma1 activity. As Fig. 7 shows, cells with a functional Ist2 protein were able to maintain their pH in at the same level when grown either in the absence or in the presence of 0.5 M NaCl, in contrast to ist2 cells, in which the presence of NaCl resulted in a decrease in pH in .
DISCUSSION
Sodium, an abundant cation in natural environments, is toxic to yeast cells, and several mechanisms have evolved that enable the cells to cope with high concentrations of Na + and to maintain its low cytoplasmic concentration (Arino, Ramos and Sychrova 2010) . In this work, we focused on the roles of the Ist2 protein in the maintenance of cell alkali-metal-cation homeostasis and its interactions with characterised plasmamembrane transporters of alkali metal cations. The increased sodium accumulation, which we observed in all tested ist2 strains when the cells were grown or incubated in media supplemented with NaCl (Fig. 2, Table 2 ), shows the Ist2 protein to contribute to the maintenance of low levels of toxic sodium in Saccharomyces cerevisiae BY4741 cells. Quite interestingly, although Ist2 was finally found to be localised in the membranes of cortical ER (Manford et al. 2012) , its close association with the plasma membrane as one of the tethering proteins forming ER to plasma membrane junctions probably enabled the identification of Ist2 as one of the proteins whose abundance increases in the plasma-membrane proteome upon the exposure of cells to mild NaCl stress (Szopinska et al. 2011) . This finding supports the view of Ist2 being an important factor in the reaction of the cell to the presence of NaCl in media.
The deletion of the IST2 gene has an impact on the activity or localisation of plasma membrane transporters, as was shown for Pma1 H + -ATPase and Bap2 amino-acid permease (Wolf et al. 2012; Wolf, Meese and Seedorf 2014) . The pH in measurements performed in this study (Fig. 7 ) support the view of Ist2 being a modulator of the activity of cell H + -ATPases, as the lack of Ist2 protein resulted in an increased pH in level in trk1 trk2 ist2 cells when compared to the trk1 trk2 strain, and we showed that ist2 cells are not able to maintain their pH in level when grown in the presence of 0.5 M NaCl. Nevertheless, we observed no changes in the localisation or functioning of characterised alkali-metal-cation exporters (Ena1 ATPase and Nha1 antiporter) in ist2 cells (Fig. 3) . Therefore, the increased sodium accumulation in cells lacking IST2 gene seems to be a consequence of an increased sodium influx. Although changes in plasma-membrane potential are not likely to be the cause of increased sodium uptake in ist2 cells, the function of the Ist2 protein seems to be necessary for the maintenance of membrane potential in S. cerevisiae BY4741 cells. Our results suggest that the relative plasma-membrane depolarisation observed in tok1 ist2 cells compared to tok1 cells (Fig. 4) is balanced by the action of the voltage-gated K + channel Tok1 in other strains lacking Ist2. Cell exposure to sodium only resulted in a significant relative depolarisation in cells lacking Ist2 (Fig. 4) . This relative plasma-membrane depolarisation might be the result of an increased Na + influx in ist2 cells.
Saccharomyces cerevisiae cells do not possess any single specific transporter responsible for the uptake of sodium cations under standard growth conditions (Arino, Ramos and Sychrova 2010) . Sodium most likely enters the cells via several non-specific transport systems mediating low-affinity alkalimetal-cation uptake. The greater sodium accumulation detected in cells lacking the IST2 gene suggests that the stability and/or activity of these systems are increased due to the lack of Ist2. Nevertheless, the increased sodium accumulation in cells lacking the IST2 gene is in striking contrast to the slightly improved growth of ist2 cells in the presence of moderate concentrations of this toxic cation (Entian et al. 1999 ; Fig. 1 ).Yeast cells cope with the presence of sodium in their environment not only by exporting Na + from cells but also by sequestering sodium cations to the vacuole by organellar transporters, such as the Nhx1 Na + /H + antiporter located in the membranes of endosomes (Nass and Rao 1999) . Thus, the observed increased sodium content (Fig. 2) and simultaneously an improved growth of Ist2-lacking cells in the presence of sodium might be therefore a result of a more efficient vacuolar Na + sequestration.
Nevertheless, we observed no growth improvements in the presence of NaCl and LiCl in cells lacking Ist2 together with Ena1-5 and Nha1 alkali-metal-cation exporters, which, on the other hand, possess all genes encoding organellar alkali-metal-cation transporters (Figs 1 and 3 ; Fig. S2 ). This fact points to the importance of the function of proteins exporting alkali metal cations from cells, and not vacuolar sequestration, in growth phenotypes connected with the IST2 deletion. Therefore, we were looking for an alternative explanation of contradictory phenotypes of ist2 cells (increased sodium accumulation versus slightly improved growth of ist2 cells in the presence of moderate concentrations of Na + ).
Importantly, we observed a better growth of ist2 cells in the presence of NaCl over a limited range of concentrationswhen the concentration of NaCl was too high (above 1.15 M), ist2 cells grew worse than wild-type cells (Fig. 1, Fig. S1 ). Moreover, no growth improvement in the presence of Na + was observed upon IST2 deletion in the salt-sensitive cells lacking alkali-metal-cation exporters (ena1-5 nha1 , Fig. 1B) ; ena1-5 nha1 ist2 cells grew even worse than cells with functional Ist2 protein in the presence of NaCl, in this case in agreement with the observed increased sodium accumulation in cells lacking Ist2. Taken together, these results suggest that the growth of cells lacking Ist2 is slightly improved in the presence of sodium only when the cells are able to efficiently extrude this cation. When the concentration of NaCl is too high, or cells cannot actively get rid of surplus sodium, which is accumulated to higher levels in ist2 cells, the toxic effects of sodium prevail and no growth improvement in ist2 cells can be observed. Our experiments performed with trk1 trk2 ist2 cells capable of leucine synthesis (transformed with YEplac181 plasmid) clearly showed that the deletion of IST2 in fact does not increase the sodium tolerance of cells as there was no difference in the growth rates of cells either lacking or possessing Ist2 in the presence of NaCl (Fig. 5B) . Slight growth improvements of cells grown in the presence of NaCl (Fig. 1C) or a relative increase in the sodium tolerance of cells (Fig. 5B) can be only observed in trk1 trk2 ist2 cells auxotrophic for leucine grown in the presence of this amino acid, and therefore these phenotypes are not connected to the changes in cell sodium tolerance, but to leucine uptake or metabolism in ist2 cells. The growth of the widely used laboratory strain BY4741 was previously shown to be sensitive to synthetic media containing all 20 amino acids due to poor leucine uptake (Cohen and Engelberg 2007) . The overexpression of the LEU2 gene or genes encoding Bap2 and Tat1 leucine transporters was able to rescue this growth sensitivity. Cells lacking Ist2 have an additional defect in leucine uptake, as the deletion of the IST2 gene affects the trafficking of newly synthesised Bap2 from the ER to the plasma membrane (Wolf, Meese and Seedorf 2014) . We hypothesise that this defect of ist2 cells is somehow overcome in the presence of sodium, which may result in the slightly better growth of cells lacking Ist2 in the presence of NaCl.
Although this study does not reveal the mechanisms via which leucine uptake might be improved in BY4741 cells lacking Ist2 in the presence of NaCl, we speculate that the deletion of the IST2 gene might have an impact on the stability and/or activity of leucine permeases in the plasma membrane of cells, similar to its above-described impact on systems mediating nonspecific sodium uptake. In contrast to Ist2, whose abundance increases on the cell surface upon cell exposure to NaCl stress, several proteins, including Pma1 H + -ATPase, and glucose or amino-acid transporters, exhibit a rapid decrease in abundance in the plasma-membrane proteome in response to NaCl stress (Szopinska et al. 2011) . Very interestingly, Bap2 and Tat1 leucine permeases are among these proteins. It was suggested that the internalisation of both Pma1 and hexose or amino-acid transporters might be favourable in cells to prevent excessive sodium uptake, as it was hypothesised that some sugar or aminoacid transporters (Bap2 being an example) might be among the systems responsible for non-specific low-affinity alkali-metalcation uptake in yeast cells (Ko, Liang and Gaber 1993; Wright et al. 1997; Szopinska et al. 2011) . If so, the internalisation of such transporters in response to NaCl treatment would help the cells to cope with sodium stress and to survive until the transcriptional response takes place. If such systems were more stable in the plasma membrane of ist2 cells in the presence of salts, it might explain not only the increased sodium accumulation in these cells, but also the improvement of leucine utilisation most likely responsible for the growth improvements observed in ist2 cells in the presence of moderate NaCl concentrations. Interestingly, Tcb1, another protein involved together with Ist2 in the formation of contacts between the plasma membrane and cortical ER (Manford et al. 2012) , was found, similarly to Ist2, to be one of the proteins whose abundance increases on the cell surface in response to mild NaCl stress (Szopinska et al. 2011) . Moreover, Pil1 and Lsp1, two components of the eisosome submembrane protein complexes that organise the MCC (membrane compartment of Can1, the arginine permease) domains (Grossmann et al. 2007; Douglas and Konopka 2014) were also enriched in the plasma-membrane proteome after the NaCl treatment of cells in the same study. The eisosomal protein Pil1 regulates the distribution of cortical ER, which in turn is important for the positioning of endocytosis in yeast cells (Stradalova et al. 2012) . Therefore, the proper organisation of cortical ER and the plasma membrane might be of great importance for cells in the presence of sodium. The Ist2 protein is known to determine the distance between the plasma membrane and cortical ER (Wolf et al. 2012) . We hypothesise that the lack of this protein can result in an impairment of proper cortical ER and plasma-membrane organisation, which in turn might affect protein internalisation and influence the stability of plasma-membrane proteins, including leucine importers and low-affinity alkali-metal-cation transporters, when the cells are exposed to sodium.
In conclusion, in BY4741 background, we found the cortical ER protein Ist2 to contribute to the maintenance of low intracellular levels of toxic Na + cations when cells are grown or incubated in NaCl-supplemented media, identified its role in the maintenance of plasma-membrane potential and pH in in cells, and our results further support the role of Ist2 in the modulation of the activities of plasma-membrane transporters, such as Pma1 H + -ATPase. Thus, our work contributed to the description of multiple roles of Ist2 protein in the physiology of S. cerevisiae BY4741 cells. Interestingly, we also showed that some phenotypes of BY4741-derived ist2 cells, such as slight growth improvements of trk1 trk2 ist2 cells in the presence of mild NaCl concentrations, are only observable in cells auxotrophic for leucine and seem to be connected to changes in leucine uptake or metabolism in cells lacking Ist2, but not to alterations in alkali-metal-cation homeostasis.
